Glucosinolates (GLSs) are abundant in cruciferous vegetables and reported to have anti thyroidal effects. Four GLSs (sinigrin, progoitrin, glucoerucin, and glucotropaeolin) were administered orally to rats, and the breakdown products of GLSs (GLS-BPs: thiocyanate ions, cyanide ions, organic isothiocyanates, organic nitriles, and organic thiocyanates) were measured in serum. Thiocyanate ions were measured by colorimetric method, and cyanide ions were measured with CI-GC-MS. Organic isothiocyanates and their metabolites were measured with the cyclocondensation assay. Organic nitriles and organic thiocyanates were measured with EI-GC-MS. In all treatment groups except for progoitrin, thiocyanate ions were the highest among the five GLS-BPs. In the progoitrin treated group, a high concentration of organic isothiocyanates (goitrin) was detected. In the glucoerucin treated group, a relatively low amount of goitrogenic substances was observed. The metabolism to thiocyanate ions happened within five hours of the administration, and the distribution of GLSs varied with the side chain. GLSs with side chains that can form stable carbocation seemed to facilitate the degradation reaction and produce a large amount of goitrogenic thiocyanate ions. Because goitrogenic metabolites can be formed without myrosinase, the inactivation of myrosinase during cooking would have no effect on the anti-nutritional effect of GLSs in cruciferous vegetables.
INTRODUCTION
Glucosinolates (GLSs), β-thioglycosides N-hydroxysulfates, are secondary metabolites abundant in cruciferous vegetables such as cabbage, broccoli, and mustard ( Fig. 1) . Intact GLSs are stable and inactive, but when the plants get damaged, GLSs are released from vacuoles and enzymatically hydrolyzed by myrosinase (β-thioglucosidase) (1) . This hydrolysis generates GLS breakdown products (GLS-BPs) including organic isothiocyanates, organic nitriles, organic thiocyanates, thiocyanate ions, etc. GLS-BPs vary depending on the hydrolysis conditions such as the pH, temperature and R-group of the GLSs (1,2).
During food processing, mastication, and digestion in vivo, GLSs generally come into contact with myrosinase and undergo degradation before they are absorbed in the body (1) (2) (3) . During digestion, pepsin-HCl and colonic microflora especially play an important role in GLS-BPs formation (4) . GLSBPs have a relatively higher logP value and lower molecular weight than their parent molecules, so they are rapidly absorbed in the body, but not all the GLS-BPs have identical absorption rates. According to preceding research, structurally different GLS-BPs show different absorption rates (5) (6) (7) (8) . However, most of the studies focused on the absorption of organic isothiocyanates only. Or the studies involving GLSs employed whole vegetables, which contain mixtures of GLSs as well as myrosinase. This made it hard to estimate the meta- bolic conversion of individual GLS. In animal studies, administered rapeseed meal increased thyroid weight, decreased the circulating level of thyroid hormones, and revealed abnormalities in the liver and kidneys. These effects are expected to be caused by GLS-BPs. GLS-BPs such as goitrin and organic nitriles are known to be goitrogenic, which inhibit iodine uptake by the thyroid, enlarge the thyroid, and reduce the levels of circulating thyroid hormones (9) . Moreover, thiocyanate ions are also reported to facilitate the export of iodine out of the thyroid and inhibit the synthesis of thyroid hormones. In addition, high concentrations of thiocyanate ions inhibit iodine uptake into the thyroid which is one of the steps in thyroid hormone synthesis (10) .
Because different GLS-BPs have been found in damaged plant tissues, depending on the side chain of the GLSs, the absorption of GLS-BPs and their distribution and physiological effects in vivo would also be dependent on the side chain. However, studies on GLS degradation in vivo are limited. Therefore, in the present study, we selected four kinds of GLSs based on their structure and on the consumption of cruciferous vegetables in Korea. After the oral administration of isolated GLSs, the concentrations of the absorbed GLS-BPs (thiocyanate ions, cyanide ions, organic isothiocyanates, organic nitriles, and organic thiocyanates) in rat serum were measured to compare the breakdown and absorption of different GLSs depending on their side chains.
MATERIALS AND METHODS
Chemicals and apparatus. n-Hexane, methyl alcohol, 2-propanol and dichloromethane were purchased from Samchun Chemical Co., Ltd. (Seoul, Korea). DEAE-Sephadex A-25 chloride form, imidazole, formic acid, trifluoroacetic acid, potassium thiocyanate, potassium cyanide, tetrabutylammonium sulfate (TBAS; 50% w/w solution in water), 2,3,4,5,6-pentafluorobenzyl bromide (PFB-Br), sodium tetraborate decahydrate, potassium phosphate monobasic, potassium phosphate dibasic, benzyl isothiocyanate, allyl cyanide, and benzyl cyanide were purchased from Sigma-Aldrich (St. Louis, MO, USA). Potassium sulfate was purchased from Yakuri Pure Chemicals Co., Ltd. (Osaka, Japan). Acetonitrile was purchased from Avantor Performance Materials (Phillipsburg, NJ, USA Extraction and isolation of glucosinolates. GLSs were extracted according to Song et al. (11) and Rochfort et al. (12) . Brassica napus L. and Eruca sativa Mill. seeds were heat-treated in a drying oven at 110 o C for 2 hr to inactivate myrosinase. Tropaeolum majus L. seeds were treated with boiling water because they are too thick to inactive the enzyme in a drying oven. After 100 g of Tropaeolum majus L. seeds were boiled in 1 L of boiling water for 10 min, the seeds were dried and ground to powder using a mortar and pestle. The ground seeds were defatted by extraction with 200 ml of hexane five times. Ion-exchange chromatography was carried out to separate the GLSs from the concentrated extract according to Visentin et al. (13) and ISO norm (14) . DEAE-Sephadex A-25 resin was mixed with 2 M acetic acid until the volume of the liquid reached twice as much as the volume of the sediment. A DEAE-Sephadex A-25 suspension was prepared 2 days prior to its use and stored in a refrigerator. A DEAESephadex A-25 column (2.5 × 30 cm) was prepared with the suspension. The column was conditioned with 150 ml of 6 M imidazole formate and washed with 150 ml of deionized water. One hundred-fifty milliliters of the concentrated extract were loaded, and washed with 200 ml of formic acid/ 2-propanol/water (3 : 2 : 5) and 300 ml of deionized water sequentially. Finally, the GLSs were eluted with 150 ml of 0.5 M K 2 SO 4 /5% 2-propanol and filtered through a PVDF membrane filter. Individual GLSs were isolated from the eluate using preparative HPLC (LC-9201; Japan Analytical Industry Co., Ltd., Tokyo, Japan) with a Supelcosil PLC-18 (25 cm × 21.2 mm, 12 μm) column (Supelco Inc., Bellefonte, PA, USA). All solvents for preparative HPLC were filtered through a PTFE membrane filter and degassed before use. Progoitrin was eluted at approximately 27~28 min with an isocratic mobile phase of 0.1% TFA in water. Glucoerucin was eluted at approximately 22~23 min with an isocratic mobile phase of 0.1% TFA in 75% water/25% methanol. Glucotropaeolin was eluted at approximately 22~23 min with an isocratic mobile phase of 0.1% TFA in 70% water/ 30% methanol. These three GLSs were eluted at a flow rate of 3 ml/min, and the peaks were detected at 229 nm. The final eluates were concentrated by vacuum concentrator (ScanSpeed MaxiVac Alpha; Labogene, Lynge, Denmark) and their concentrations were calculated using a corresponding standard calibration curve at 229 nm.
Animals. Seven-week-old male Wistar rats weighing 206.32 ± 1.86 g were obtained from the Institute of Laboratory Animal Resources at Seoul National University (Seoul, Korea). The animals were bred and housed at the Animal Center for Pharmaceutical Research at Seoul National University (Seoul, Korea). Twenty-five rats were randomly divided into 5 groups: the Control, Sinigrin, Progoitrin, Glucoerucin, and Glucotropaeolin groups. Two to three animals were housed in a cage, and they were adapted to their environment for 24 hr before the experiment. The animal room was kept at a temperature of 22 ± 2 o C, relative humidity of 50 ± 5%, and on a 12-hr light/dark cycle (lights on 7:001 9:00). The animals were fed Purina irradiated laboratory chow 38057 (Purina Korea, Seoul, Korea) and autoclaved water ad libitum. The treatment groups were given a single dose of an individual GLS at 50 μmol/ml, and the control group was given a single dose of autoclaved water 1 ml by gavage after fasting for 16 hr. Five hours after gavage, the animals were anesthetized by carbon dioxide inhalation. Their blood was collected from the abdominal aorta, and the livers were removed. The liver samples were washed with 0.9% NaCl, and the weights were recorded. The blood samples were clotted at room temperature for 30 min and centrifuged at 2,000 ×g, Analysis of breakdown products in serum. Thiocyanate ions were measured according to Van Staden and Botha (15) and Shim et al. (16) . Fe (III) reagent solution was prepared by dissolving 1400 mg of Fe(NO 3 ) 3 ·9H 2 O in 40 ml of deionized water and adding 3.7 ml of 70% HNO 3 to it. Two-hundred microliters of serum sample were transferred to amicon ultra centrifugal filter devices (30 K) and centrifuged at 14,000 ×g for 15 min at 4 o C for deproteinization (Smart R17; Hanil Science industrial Co., Ltd., Seoul, Korea). One-hundred microliters of the filtrate were mixed with the Fe (III) reagent solution for 10 min, and then the absorbance was measured at 450 nm (Spectramax 190; Molecular Devices Co., Sunnyvale, CA, USA). Potassium thiocyanate was used as a standard.
Cyanide ions were measured according to Bhandari et al. (17) . TBAS 10 mM in a saturated solution of sodium tetraborate decahydrate (pH 9.5) and a 20 mM solution of PFBBr in ethyl acetate were prepared. Eight-hundred microliters of 10 mM TBAS and 500 μl of a 20 mM PFB-Br solution were added to 100 μl of a serum sample and then vortexed for 2 min. The mixture was heated in a 70 Organic isothiocyanates and their metabolites were measured with the cyclocondensation assay (18, 19) . Organic isothiocyanates are metabolized to dithiocarbamates in vivo, and the cyclocondensation assay can detect both of them. Potassium phosphate buffer (pH 8.5) 100 mM and 1,2-benzenedithiol 20 mM & 50 mM in acetonitrile were prepared. In the case of the sinigrin, glucoerucin, and glucotropaeolin groups, 200 μl of the serum sample, 200 μl of 100 mM potassium phosphate buffer, and 400 μl of 20 mM 1,2-benzenedithiol were combined in a 2.0 ml vial, and then the mixture was heated in a 65 o C water bath for 3 hr (BS-21 Shaking & Heating bath; Jeio tech Co., Ltd., Daejeon, Korea). In the case of the progoitrin group, 200 μl of the serum sample, 200 μl of 100 mM potassium phosphate buffer, and 400 μl of 50 mM 1,2-benzenedithiol were combined in a 2.0 ml vial, and then the mixture was heated in a 65 o C water bath for 12 hr. Goitrin, which is the breakdown product of progoitrin, reacts slowly because of its ring structure, thus the concentration of 1,2-benzenedithiol and the incubation time were increased. After cooling to room temperature, the mixture was centrifuged at 10,000 ×g for 2 min (Smart R17; Hanil Science industrial Co., Ltd., Seoul, Korea). Twenty microliters of the supernatant were analyzed with high-performance liquid chromatography (Dionex ultimate 3000 equipped with UV detector; Dionex Co., Sunnyvale, CA, USA). A reverse phase Luna C18 (250 × 4.6 mm, 5 μm, 100 Å) column (Phenomenex, Torrance, CA, USA) was used with an isocratic mobile phase of 80% methanol/20% water at a flow rate of 1 ml/min. The cyclocondensation product, 1,3-benzodithiole-2-thione, was eluted at approximately 9~10 min, and the peak was detected at 365 nm. The column was washed with 95% acetonitrile/ 5% water for 10 min between sample injections. Allyl isothiocyanate, erucin, benzyl isothiocyanate, and DL-goitrin were used as standards.
Organic nitriles and organic thiocyanates were measured with EI-GC-MS. Two-hundred microliters of serum sample were transferred to amicon ultra centrifugal filter devices (3 K) and centrifuged at 14,000 ×g for 30 min at 4 o C for deproteinization (Smart R17; Hanil Science industrial Co., Ltd., Seoul, Korea). One-hundred-thirty microliters of the filtrate were extracted with 130 μl of dichloromethane and dehydrated with MgSO 4 . The extract was analyzed with electron ionization gas chromatography mass spectrometry. The carrier gas was helium at a flow rate of 1.5 ml/min, and the electron energy was 70 eV. The injection volume was 1 μl, and the temperature of the ion source and MS transfer line were maintained at 250 o C. In the case of the sinigrin group, two types of analysis methods were used because allyl thiocyanates are isomerized at high temperature. Thyroid hormones analysis. Total triiodothyronine (T 3 ) and total thyroxine (T 4 ) levels were examined in triplicate with the pooled serum samples of each group. T 3 was analyzed with the Mouse/Rat Triiodothyronine (T 3 ) ELISA kit and T 4 was analyzed with the Mouse/Rat Thyroxine (T 4 ) ELISA kit (Calbiotech, Spring valley, CA, USA).
Biochemical examination. γ-Glutamyltransferase (GGT), alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), total bilirubin (TBIL), creatine phosphokinase (CPK), blood urea nitrogen (BUN), and creatinine (CRE) were examined with the Fuji drychem 3500s (Fuji film Co., Tokyo, Japan).
Statistical analysis. The control group was used as a blank. For the statistical analyses, SPSS Ver. 21 (SPSS, Inc., Chicago, IL) software was used. Data were evaluated with one-way variance analysis followed by Tuckey's HSD test (p < 0.05). The results are expressed as the mean value ± the standard deviation.
RESULTS
Glucosinolate breakdown products in rat serum. The serum was collected 5 hr after GLSs administration. In all treatment groups, thiocyanate ions, cyanide ions, and organic isothiocyanates were detected (Table 2) . Moreover, in all the treatment groups except for the progoitrin group, the level of thiocyanate ions was the highest among the 5 breakdown product groups. In terms of the side chains, the highest concentration of thiocyanate ions was detected in the sinigrin (R = allyl) treated group (53.27 ± 21.62 μM), followed by the glucotropaeolin (benzyl), glucoerucin (methylthiobutyl), and progoitrin (hydroxyl-allyl) treated groups. The concentration of the serum thiocyanate ions is significantly different between the sinigrin/glucotropaeolin groups and glucoerucin/progoitrin groups. The highest concentra- Table 2 . Glucosinolate metabolites in rat serum tion of cyanide ions was detected in the glucotropaeolin treated group (13.28 ± 6.29 μM), followed by the sinigrin, glucoerucin, and progoitrin treated groups. The glucotropaeolin treated group released significantly more cyanide ions than that of the other groups. The highest concentration of organic isothiocyanates was detected in the progoitrin treated group (14.81 ± 2.23 μM), followed by the glucotropaeolin and sinigrin groups, but there were negligible amounts of organic isothiocyanates in the glucoerucin treated group. Organic nitriles were detected from the sinigrin and glucoerucin treated groups, though the amount in the sinigrin group was very low. No organic thiocyanates were detected in any of the groups (Table 2 and Fig. 2 ).
Thyroid hormones analysis. In the sinigrin, progoitrin, and glucotropaeolin treated groups, the concentration of T 3 was lower than that of the control group. In addition, in the progoitrin and glucoerucin treated groups, the concentration of T 4 was lower than that of the control group. However, there was no statistically significant difference between the control and treatment groups (Table 3) .
Biochemical examination. There were no significant differences in the GGT, ALT, AST, ALP, TBIL, CPK, and CRE levels between the control and treatment groups. The BUN level was significantly increased in the progoitrin and glucoerucin treated groups compared to the control group (Table 4) .
Liver weight. In the sinigrin and progoitrin treated groups, liver weight per 100 g of body weight was increased but not statistically significant compared to the control group. The other treatment groups did not show any significant differences compared to the control group as well (data not shown).
DISCUSSION
In the present study, a small amount of organic nitriles were detected only from the progoitrin and glucoerucin treated groups, and no organic thiocyanates were detected. However, organic isothiocyanates and thiocyanate ions were detected from all of the treated groups. Thiocyanate ions as well as organic isothiocyanates were reported when Brassica napus, B. campestris rapeseed and B. juncea mustard were incubated with botanical myrosinase, and the data from the present study indicate that the degradation of the GLSs in the animal body generates the same products without botanical myrosinase (20) .
It is noteworthy that most of the treatment groups generated a high concentration of thiocyanate ions. According to previous studies on the metabolism of GLS-BPs in the body, organic isothiocyanates were reported to be conjugated with glutathione to form mercapturic acid and then excreted through the urine in rats and humans (21, 22) . Organic nitriles were observed to undergo cytochrome P450 metabolism and generate cyanide ions during the metabolism. The amount of cyanide ions generated depended on the structure of the organic nitriles (23) . Besides, thiocyanate ions were detected in the serum of mice treated with organic nitriles, which supports that cyanide ions generated from organic nitriles can be converted into thiocyanate ions (24) . Organic thiocyanates were shown to be metabolized by glutathione conjugation and produce cyanide ions during metabolism (25) . In the current study, the concentrations of thiocyanate and cyanide ions were relatively higher than those of the other GLS-BPs. Meanwhile, organic nitriles and organic thiocyanates were rarely detected. It could be assumed that the metabolism of the GLS-BPs are relatively fast, so within five hours they may have been further degraded into thiocyanate and cyanide ions. More thiocyanate ions would be produced from organic nitriles with cyanide ions yet to be metabolized.
In the progoitrin treated group, serum organic isothiocyanates were at the highest level among the GLS-BPs. Progoitrin, which has a hydroxyl group on the β-carbon, spontaneously cyclizes to form 5-oxazolidine-2-thione (goitrin) upon hydorlysis (26) . Goitrin is known to have strong antithyroidal effects. It was reported that goitrin increased liver and thyroid weights, and inhibited thyroid hormones synthesis (27, 28) . Similar to goitrin, thiocyanate ions have a goitrogenic effect, which can be alleviated by iodide supplementation. The anti-thyroidal effect of goitrin, however, cannot be alleviated by dietary iodide. Hence, goitrin is regarded as one of the most potent anti-thyroid substances (28) .
The production of goitrogenic substances was relatively low from glucoerucin. In addition, the metabolism of the breakdown products seemed relatively slow because this is the only group in which a quantitable amount of organic nitriles was detected, while the final ion concentrations are low. Sinigrin and glucotropaeolin generated significantly more thiocyanate ions in rats than that of the other GLSs within 5 hr of the administration. The R-groups of sinigrin and glucotropaeolin are an allyl and benzyl group, respectively, which can form a relatively stable carbocation when it is further degraded to form thiocyanate ions. Progoitrin predominantly metabolized to organic isothiocyanates (goitrin). It seems that the ring structure of goitrin made the reaction with glutathione slow so the clearance of goitrin was delayed. Because goitrin is reported to have potent anti-nutritional effects on the thyroid, its retarded clearance may aggravate the situation.
The T 3 and T 4 concentrations in serum were examined in order to observe the effect of a single dose of GLSs on the Table 4 . Serum biochemistry of rats treated with glucosinolates thyroid hormone. In the sinigrin and glucotropaeolin treated groups, the T 3 level was reduced, possibly due to the effect of the thiocyanate ions. In the progoitrin treated group, both the T 3 and T 4 levels were reduced, possibly due to the effect of goitrin. In the glucoerucin treated group, the T 4 level was reduced though there were little goitrogenic substances. However, there were no significant differences between the control and treatment groups, thus more studies are needed to determine the effect of GLSs on thyroid hormones.
There were no significant differences in the liver weights of the animals 5 hr after the treatment with GLSs. The BUN levels in the progoitrin and glucoerucin treated groups were significantly increased compared to those of the control group. However, the CRE level, another marker for kidney function, did not change. Therefore, more careful interpretation and further investigation would be necessary regarding kidney function and GLS administration.
The present study has shown that the absorption and distribution of GLS-BPs in the blood may vary depending on the R-group of the intact GLS. It was observed that without botanical myrosinase, anti-thyroidal thiocyanate ions and goitrin can be generated in the animal body. Thus, the inactivation of myrosinase during cooking will have no effect on the anti-nutritional effect of GLSs in cruciferous vegetables. Additionally, the relative fast conversion to thiocyanate ions, which block the uptake of iodine into the thyroid, can explain the protection of simultaneous administration of iodine from thiocyanate ion induced T 3 deficiency.
